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Summary 
Using an expression cloning strategy that relies on 
a functional assay, we have cloned a novel Xenopus 
homeobox-containing gene, Siamois. Embryos in- 
jected in a ventral-vegetal blastomere with as little as 
5 pg of Siamois mRNA develop a complete secondary 
axis, but the progeny of the injected cells do not partic- 
ipate in the secondary axis formation. In normal devel- 
opment, Siamois mRNA is first detected shortly after 
the midblastula transition, which is earlier than mRNAs 
for goosecoid or Xbrachyury, and is present most 
abundantly in the dorsal endoderm of early gastrulae. 
The activation of this gene can be obtained cell autono- 
mously in dispersed embryo cells. These results indi- 
cate that Siamois may play an important role in the 
formation of the Nieuwkoop center. 
Introduction 
In vertebrate embryos, the establishment of the antero- 
posterior axis (AP axis) has been most fully studied in the 
amphibia. In Xenopus laevis, this axis is set up during the 
first cell cycle by a rotation of the cortex relative to deep 
cytoplasm (reviewed by Gerhart et al., 1989). The effect 
of this cortical rotation is probably to activate maternal 
dorsal determinants that in turn will activate zygotic genes 
in the most dorsal cells. Since dorsal-vegetal cells can 
instruct, during the blastula stages, the overlying equato- 
rial cells to adopt a dorsal fate, some of the maternal dorsal 
determinants are probably secreted molecules (Gimlich, 
1986). However, it was recently shown that goosecoid 
(gsc), an organizer-specific early gene (Cho et al., 1991), 
is activated in dorsal cells in the absence of cell-cell com- 
m unication, suggesting that cell-autonomous dorsal deter- 
minants are also involved in axis determination (Lemaire 
and Gurdon, 1994). Identification of these determinants 
and of the downstream genes that they control is a central 
problem in vertebrate embryology. 
To isolate candidate genes for these determinants or 
for their downstream targets, two assays have recently 
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been used. In the first, cortical rotation is prevented from 
taking place by irradiating with ultraviolet light (UV light) 
the vegetal pole of embryos during the first half of the first 
cell cycle. This gives rise to ventralized embryos with a 
much reduced or absent AP axis (Scharf and Gerhart, 
1980). Attempts are then made to rescue the axis of these 
embryos by injecting synthetic messenger RNA (mRNA) 
for candidate genes. The second assay looks for axis du- 
plications. Here, mRNA for candidate dorsalizing mole- 
cules is injected into a ventral-vegetal blastomere of a 
normal embryo, and embryos are screened for a second- 
ary axis. Both assays are usually thought to test for the 
same function, since in both cases generation of an axis 
is the consequence of the respecification of ventral tissues 
into dorsal tissues through the ectopic expression of mole- 
cules that mimic dorsal determinants. 
Using these two assays, four genes that encode prod- 
ucts with axis-generating activity have been discovered: 
three encode secreted polypeptides, Xwnt-8, Xwnt-11, 
and noggin, and one encodes a transcription factor, gsc 
(Smith and Hartand, 1991, 1992; Sokol et al., 1991; Ku 
and Melton, 1993; Cho et al., 1991). Both Xwnt-8 and nog- 
gin can fully rescue the axis of UV-ventralized embryos, 
whereas Xwnt-11 and gsc can do so only partially (Smith 
and Harland, 1991, 1992; Sokol et al., 1991; Ku and Mel- 
ton, 1993; Steinbeisser et al., 1993). In parallel, it was 
shown that ventral injection of Xwnt-8 mRNA in normal 
embryos can generate a complete secondary axis includ- 
ing the most anterior structures, while Xwnt-11 and gsc 
usually give rise to partial secondary axes that lack the 
anterior-most structures (Sokol et al., 1991; Ku and Mel- 
ton, 1993; Steinbeisser et al., 1993). 
Using the axis duplication assay and an expression clon- 
ing strategy, we have isolated Siamois, a Xenopus gene 
expressed in dorsal-vegetal cells of late blastulae and 
able to generate a complete secondary axis when ectopi- 
cally overexpressed in a ventral blastomere. This article 
presents a characterization of the properties and pattern 
of expression of this gene and its product. 
Results 
Expression Cloning of a cDNA Derived from 
Dorsalized Early Gastrulae and Able to 
Induce a Complete Secondary Axis 
In an attempt to isolate an organizer-specific gene that 
can trigger the formation of complete secondary axes, we 
have used an expression cloning strategy similar to that 
used by Smith and Harland (1991, 1992) to identify the 
two axis-rescuing genes Xwnt-8 and noggin. In their pio- 
neering work, these authors injected into ventralized em- 
bryos a synthetic mRNA mixture made in vitro from a size- 
selected library from dorsalized gastrulae. They found that 
this mRNA population could partially rescue the axis of 
around 30% of injected embryos. They then fractionated 
their libraries and repeated the injections with each frac- 
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Figure 1. Cloning of a cDNA That Can Create a Complete Secondary 
Axis 
(A) Schematic map of the pBluescript RN3 vector. 
(13) Embryo injected with 5 ng of synthetic mRNA from the whole dor- 
salized gastrula library; note that thesecondary axis lacks the most 
anterior structures. 
(C) Embryo injected with 50 pg of synthetic mRNA from Siamois cDNA; 
the secondary axis is now complete with cement gland. Similar em- 
bryos were cultured further, until it was possible to see that the second- 
ary heads were morphologically normal (data not shown). 
tion and by a process of sib selection, the authors identified 
two rescuing molecules, Xwnt-8 and noggin. 
Our strategy is based on this important work by Smith 
and Harland, but includes two modifications. First, rather 
than looking for cDNAs that can rescue UV-ventralized 
embryos, our aim was to isolate cDNAs with axis-dupli- 
cating activity. We thus injected synthetic mRNA from pools 
of clones into the ventral-vegetal blastomeres of 4- to 
8-cell normal embryos and looked for the creation of a 
secondary axis in the injected embryos. This modification 
overcame the problem that 100-15% of UV-treated em- 
bryos still have axis remnants (for example see Smith et 
al., 1993). This background could have made it difficult 
to detect a weak axis-rescuing activity. As a second mod ifi- 
cation, we have constructed our library in a vector, pBlue- 
script RN3, from which very active synthetic RNAs can 
be synthesized (Figure 1A). In addition to two phage RNA 
polymerase promoters, this vector contains three cloning 
sites, Bglll, EcoRI, and Notl, flanked by untranslated re- 
gions (UTRs) of the Xenopus globin gene. These three 
sites make it possible to use this vector for constructing 
directional libraries, while the globin UTRs appear to en- 
hance the biological activity of synthetic RNAs (Krieg and 
Melton, 1984). To avoid inactivating many cDNAs while 
preparing the linearized DNA template for in vitro RNA 
synthesis, we introduced a site for a rare cutting enzyme, 
Sill, downstream of the poly(A) tract of the globin 3' UTR. 
Using pBluescript RN3 as vector, we constructed a di- 
rectional cDNA library from early gastrulae that had been 
dorsalized by treating the embryos with lithium at the 128- 
cell stage. This library was enriched for cDNAs expressed 
in the organizer such as noggin and gsc but depleted in 
cDNAs expressed ventrally such as Xwnt-8 (data not 
shown). Injection of 5 ng of synthetic RNA from the whole 
library into ventral-vegetal b astomeres caused over 50% 
of injected embryos to develop a secondary axis (Table 
1). Thisaxis was always incomplete and lacked the most 
anterior structures uch as eyes or cement glands (Figure 
1B). We knew that, while Xwnt-8 cDNAs were very rare 
in the dorsalized gastrula library, noggin cDNAs were 
abundant. To avoid recloning noggin, which can also in- 
duce secondary axes (see below), the DNA template for 
RNA synthesis was prepared by digestion with Sill and 
Avrll. This treatment did not significantly reduce the activ- 
ity of the synthetic library mRNA (Table 1) but, as Avrll 
cuts within the noggin coding sequence, only truncated, 
inactive noggin transcripts were present in the injected 
mRNA (data not shown). We could thus rule out noggin 
as the cause of the observed axis duplications. Subse- 
quently, all templates were prepared by double digestion 
with Sill and Avrll. 
The library was fractionated into 12 fractions of 10 s 
clones, and 5 ng of mRNA from each fraction was injected 
into embryos. The RNA of each fraction was active in our 
assay, and we chose to fractionate further the fraction that 
gave the highest proportion of embryos with a secondary 
axis. At the next stage of the fractionation, the best fraction 
did not contain any Xwnt-8 cDNAs and was chosen for 
the next round. This sib selection process was repeated 
with fractions of decreasing complexity, the fraction with 
the strongest activity at each stage being fractionated fur- 
ther. We observed that the activity of the active fractions 
increased as their complexity decreased. This was visual- 
ized by the gradual appearance of anterior structures in 
the secondary axis (Table 1, last column). At the third stage 
of the fractionation, injection of 5 ng of mRNA from one 
fraction, which contained 2000 clones, gave rise to em- 
bryos with a complete duplication of the axial and head 
structures (referred to here as embryos with a complete 
secondary axis). Further fractionation led to the isolation 
of a single clone with activity in our assay. 90% of embryos 
injected ventrally with 50 pg of mRNA made from this clone 
developed a complete secondary axis (Table 1), and as 
little as 5 pg of this mRNA was sufficient o induce a com- 
plete secondary axis in 10% of injected embryos. Se- 
quencing of the 5' and 3' ends of this cDNA showed it to 
be novel, and we named the corresponding ene Siamois 
(the French word for Siamese) because ectopic expres- 
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Table 1. Expression Cloning of a cDNA with Axis-Duplicating Potential 
Best Fraction 
Round of Fractionation Number of Percent with 
(and Amount of Clones in Active fractions/ Partial 
Injected RNA) Each Fraction Linearizing Enzyme Injected fractions 2 ° Axes 
Percent with 
Complete 
2 ° Axes 
Whole library >106 Sill 1/1 60 0 
Sill and Avrll 1/1 52 0 
Round 1 (5 ng) 105 Sill and Avrll 11112 a 62 0 
Round 2 (5 ng) 104 Sill and Avrll 12/12 90 0 
Round 3 (5 ng) 2 x 103 Sill and Avrll 8/8 62 31 
Round 4 (5 ng) 250 Sill and Avrll 7/7 b 31 62 
Round 5 (0.5 ng) 25 Sill and Avrll 3/20 14 86 
Round 6 (50pg) 1 Sfil and Avrll 1/25 10 90 
(5 pg) Sill and Avrll 1/25 30 10 
Around 20 embryos were screened at the tail bud stage for each mRNA sample injected. Complete secondary axes are defined as containing a 
cement gland. 
a RNA in fraction 12 was degraded. 
b Only one group of seven fractions analyzed out of four. 
sion of this gene could lead to the formation of embryos 
that looked like Siamese twins (Figure 1C). 
Comparison of the Axis-Rescuing and 
Axis-Duplicating Activities of Siamois, 
noggin, gsc, and Xwnt-8 
We next compared the activity of Siamois and three other 
genes that have been reported to have axis-generating 
activity, noggin, gsc, and Xwnt-8. We chose to perform this 
comparison using the two established tests, the rescue of 
UV-ventral ized embryos and the generation of a second- 
ary axis in normal embryos. The results .are presented in 
Table 2. We found that Xwnt-8 mRNA was the most potent 
in both assays (Table 2 and Figure 2C). In contrast, gsc 
mRNA was the least potent, and only a small minority 
of embryos injected ventral ly with 100 pg of gsc mRNA 
developed a secondary axis. In addition, these secondary 
axes were always very short (data not shown) in accor- 
dance with previous studies (Steinbeisser et al., 1993). 
Injection of 10 pg of either Siamois or noggin mRNA into 
a vegetal blastomere of UV-ventralized embryos fully res- 
cued about half of the injected embryos (Table 2). Follow- 
ing injection of 10 pg of either noggin or Siamois mRNA 
into a ventra l -vegetal  blastomere, over 80% of embryos 
developed a partial or complete secondary axis. However, 
the extent of anterior structures present in the secondary 
axes induced by noggin or Siamois was very different. 
Siamois could induce a secondary axis complete with ce- 
ment gland and eyes in 37% of embryos injected with 10 
pg of RNA, a proportion that increased to 83% when 100 
pg was injected. In contrast, noggin was very inefficient 
at inducing complete secondary axes. The injection of 10 
pg of noggin mRNA gave rise to secondary axes that did 
not contain recognizable head structures (Figure 2A). 
Moreover, these axes seldom contained notochord (data 
not shown). Injection of 200 pg of noggin mRNA resulted 
in a dramatic shortening of posterior structures (Figure 
2B). However, only 9% of embryos injected with this high 
dose had a secondary cement gland (Table 2), demonstra- 
ting that noggin can only rarely give rise to complete sec- 
ondary anterior structures. 
From this set of experiments, we conclude that Siamois 
mRNA can rescue UV-treated embryos as efficiently as 
noggin mRNA, but that it is much more potent than the 
latter at generating complete secondary axes. 
Siamois Codes for a Homeodomain Protein Similar 
to Mix.1 and HD1 
Our cloning strategy implies that for a cDNA to be detected 
Table 2. Comparison of the Effects of noggin, Siamois, gsc, and Xwnt-8 mRNA Injections 
2 ° Axis Induction Following Ventral- Amount 
Type of of mRNA Vegetal Injection in Normal Embryos 
mRNA Injected Injected Partial 2 ° Axis Complete 2 ° Axis 
noggin 10 pg 81% 0% 
100 pg 96% 0% 
200 pg 91% 9% 
Siamois f 0 pg 45% 37% 
100 pg 16% 83% 
gsc 10O pg 16% 0% 
Xwnt-8 5 pg 0% 100% 
Rescue of UV-Treated Embryos Following 
Vegetal Injection 
n Partial Rescue Complete Rescue n 
22 57% 43% 23 
25 nd nd nd 
22 nd nd nd 
24 29o/o 41% 17 
18 nd nd nd 
19 nd nd nd 
24 0% 100% 3 
Embryos were screened for UV rescue or secondary axes at stages 27-30. Complete secondary or rescued axes have a cement gland and eyes, 
while partial ones do not. n, number of embryos tested; nd, not determined. 
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Figure 2. Ventral Injection of noggin mRNA Generates Partial Sec- 
ondary Axes 
Normal embryos at the 4- to 8-cell stages were injected in a ventral- 
vegetal position with 10 pg of noggin mRNA (A), 200 pg of noggin 
mRNA (B), or 5 pg of Xwnt-8 mRNA (C). Embryos were fixed at the 
late tailbud stage. The secondary axes generated by noggin (arrows 
in A and B) lack a cement gland; those in (C) possess well-developed 
cement glands (arrows). Note that embryos in (B) and (C) lack posterior 
structures. 
in the early steps of the fractionation, it should be active 
after injection in the picogram range. Indeed, ventral injec- 
tion of as little as 2 pg of Siamois mRNA can give rise to 
partial secondary axes (data not shown). Until now, mRNAs 
that can respecify cell fate when picogram amounts are 
injected have been found to encode secreted polypep- 
tides, and it is necessary to inject much larger quantities 
of mRNAs for transcription factors such as XmyoD, Xbra- 
chyury (Xbra), or gsc to obtain a clear effect (Hopwood et 
al., 1989; Cunliffe and Smith, 1992; Niehrs et al., 1994). 
We were therefore surprised to discover that the Siamois 
cDNA encodes a protein of 246 amino acids containing a 
homeodomain (Figure 3A) most closely related to Xenopus 
mix.1 (Rosa, 1989) and human HD1 (Hewitt et al., 1994). 
mix.1 is expressed in the vegetal and marginal cells of 
early embryos, and its overexpression does not lead to any 
detectable phenotype (F. Rosa, personal communication). 
HD1 is potentially involved in facioscapulohumeral muscu- 
lar dystrophy. The Siamois homeodomain is45% and 43% 
identical to the homeodomains of mix.1 and HD1, respec- 
tively (Figure 3B). Conservation is strongest in helix 3 (9 
out of 10 amino acids are the same as mix.l), which is 
important for the binding specificity of homeodomain pro- 
teins, a comparison suggesting that mix.l, HD1, and Sia- 
mois might recognize similar target DNA sequences. Out- 
side the homeobox, no significant similarity between Siamois 
and other genes was found. 
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1 TTGGGAGACAGACATGACCTATGAGGCTGA~TGGAGCA~T~TCTCTACCGCACTGAC 
M T Y E A E M E Q I V S T A L T 1 6  
61 TCT~GATGACTACATCAAATTCACTCC~GG~CCAAAACAT~CCTGCCACGCTGA 
L Q D D Y I K F T P R N Q N M A C H A E 3 6  
121 ~TTATTGGGATATTCCATGATATTCATCC~CT~GA~TT~GG~CCCCACCAGGA 
I I G I F H D I H P T V E I K E p H Q D 5 6  
181 TA~ATC~TCCTAC~GAGACTCT~TAG~CTTTACTC~TTTT~G~TTCCACAGGA 
K S V L Q E T L V E L Y S V L G I p Q E 7 6  
241 GCCTCAGGTCAGCAA~CCATG~GTTTG~G~CCAG~C~CATAAAG~TCATCATC 
P Q V S K T M K F E E P E Q H K E S S S 9 6  
301 TACTGTCAC~GATCTGACTCCCTAGTC~CAGTCTGCAGTC~CAGGACTTAAAA~CC 
T V T R S D S L V N S L Q S T G L K R P I I 6  
361 ATTTTGTG~GA~CATAGAG~TAT~G~CCACTGATTCAGGCAGAGGATATTTC 
F C E D E H R E Y K K P L I Q A E D I S I 3 6  
421 TCCAGCCACCAGTACCAGATCTA%~AAGAG~CCATTTATTCAAAGG~CA~CC~CTT 
P A T S T IR  S R K R T I Y S K E Q T N F I156  
481 TCTCCAGAACC ~A~ATCTCAAcCCTTATCCA~ACmTT~TG~CAGAT~Cc~TATTGC 
I L Q N Q F D L N P Y P D F V N R C R I A I 1 7 6  
541 A~GAT~TGGCATTCCTGAGCCCAGGATACAG~TTTGGTTTCAG~CAG~GAGCCAG 
I " K I T G I P E P R I Q V W F Q N R R A R I I 9 6  
601 ACATC~CC~GAGC~CCACTTTCCACTCTCCCCAGGG~GGAAATCCCC~CTTCAGA 
[g  T ~ ~ ~]T  T F . s p Q G R ~ s p • s E 2~6 
661 A~ACCTAGATCTTTCCTCAGTAGAG~GCCCATTACCCAGATGAGTG~GTC~GCTCC 
G P R S F L S R E A H Y P D E W G Q A P 2 3 6  
721 G~CCCTTCAAATACACAGCCCTACCCA~CTGACTTCTTG~TCACCACAC~ACTTGT 
N ~ S N T Q P Y P N *  246 
781 ACTTCAGTAGACTTTTAGTTTTTT~GG~GTTTCC~TATACATTC~CTGGCCTGAAA 
841 ~TTGACCTCATTGGAG~GACTTTG~TGC~GC~CGTT 881 
, , • • , ** **  
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Figure 3. Siamois Encodes a Homeobox Protein Similar to mix. 1 and 
HD1 
(A) DNA and deduced protein sequence of the coding region of Sia- 
tools. The homeodomain is boxed, and a potential glycosylation site 
is underlined. 
(8) Comparison of the homeodomains of Siamois and the two most 
closely related genes found i  the GenEMBL data base, Xenopus 
mix. 1 and human HD1. The three helices typical of homeodomains 
are underlined. Percentages of amino acid identity (conservation) are 
given on the right hand side of the panel. Colons indicate conservative 
amino acid changes; asterisks indicate amino acids conserved in all 
homeodomains. 
Siamois Is Expressed in the Dorsal-Vegetal Cells 
of Early Gastrulae 
Analysis of the temporal expression of Siamois by RNase 
protection reveals that this gene is activated early and has 
no maternal mRNA contribution and that the amount of 
Siamois mRNA peaks at the early gastrula stage, but is 
still detectable until the tailbud stage (Figure 4A). 
To analyze the spatial distribution fSiamois transcripts 
in early gastrulae, we first analyzed the distribution of Sia- 
mois mRNA along the dorsoventral xis. Figure 4B demon- 
strates that Siamois transcripts are found in dissected dor- 
sal but not ventral tissue of stage 10 embryos. In contrast, 
Xwnt-8 was found in ventral but not in dorsal explants, 
confirming the accuracy of the dissections (Figure 4B). In 
agreement with the dorsal localization of Siamois tran- 
scripts, these transcripts were found to be enriched 10-fold 
in young gastrulae from embryos dorsalized by treatment 
with lithium compared with normal gastrulae (data not 
shown). 
We then dissected stage 10.25 embryos into animal 
caps (presumptive ctoderm), vegetal pole (presumptive 
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Figure 4. Siamois Is Expressed Transiently inthe Dorsal Cells of Early 
Gastrulae 
(A), (B), and (C) display results of RNase protection assays. In all 
panels, the fibroblast growth factor receptor (FGF-R) is used as a 
loading control. 
(A) Analysis of the temporal expression of Siamois. 
(B) Expression of Siamois and Xwnt-8 along the dorsoventral xis of 
early gastrulae (stage 10); D, dorsal tissue; V, ventral tissue. To the 
right, a diagram shows the regions taken for analysis. 
(C) Siamois is enriched in the vegetal regions of stage 10.25 embryos: 
W, whole embryo; M, marginal zone explant; V, vegetal pole xplant; 
A, animal cap explant. The two bottom lines present a quantitation f
the signals. Sia, Siamois. 
endoderm), and marginal zone (containing the presump- 
tive mesoderm and some endoderrn) and analyzed gene 
expression by RNase protection. To control for the accu- 
racy of the dissection, we analyzed the amount of Xbra 
transcripts present in the different explants and found, as 
expected, that Xbra was expressed in the marginal zone. 
Siamois transcripts could be found in the marginal zone 
but not in the ectoderm (Figure 4C). Surprisingly, the tissue 
in which Siamois transcripts were most abundant was the 
vegetal pole, which contained approximately four times 
more Siamois RNA than the marginal zone explants (Fig- 
ure 4C). 
To obtain more accurate information about the domain 
of expression of Siamois, we performed in situ hybridiza- 
tions on sectioned stage 10 embryos. This stage was cho- 
sen because Siamois expression is strongest at this stage. 
To compare the patterns of expression of Xbra, which at 
this early stage is expressed in most mesodermal cells, 
and Siamois, we hybridized probes for these two genes 
to alternate sagital or parasagital sections. At this early 
stage, Xbra is expressed more strongly in dorsal than in 
ventral cells (Figure 5B). A reproducible signal was ob- 
tained with the Siamois probe in the dorsal-vegetal cells 
of sections close to the dorsoventral xis (Figure 5A). The 
relative weakness of the signal is probably due to the low 
abundance of Siamois transcripts. Computer-assisted 
comparison of the domains of expression of the two genes 
shows that Siamois is mainly expressed in dorsal-vegetal 
cells that do not express Xbra (Figure 5C). Three-dimen- 
sional reconstruction of the expression pattern showed 
that the field of cells expressing Siamois encompasses 
around 75 ° of arc centered on the dorsal midline (data 
not shown). To further our analysis, we also performed in 
situ hybridizations on embryos that have been dorsalized 
by lithium treatment at the 64- to 128-cell stage. These 
embryos are radially symmetrical, and all mesodermal 
cells behave as organizer cells (Kao and Elinson, 1988). 
We find that, on sagital sections, Siamois and Xbra are 
both expressed in two symmetrical domains. Again, the 
domain of expression of Siamois and Xbra are mainly dis- 
tinct, Siamois being expressed in more vegetal cells than 
Xbra, including bottle cells fated to become pharyngeal 
endoderm (Keller, 1975) (Figures 5D, 5E, and 5F). 
Siamois mRNA Accumulation during the Blastula 
Stages Precedes That of gsc, Xlim.1, and Xbra 
and Can Take Place in the Absence 
of Cell-Cell Communication 
Several genes expressed early in mesoderm formation 
have recently been characterized (reviewed by Dawid, 
1994). It is assumed that most of them are activated at 
the midblastula transition (MBT). However, the rates of 
accumulation of their mRNAs have not been carefully com- 
pared. We therefore compared the kinetics of accumula- 
tion of mRNAs for Siamois and four of these genes, mix. 1 
(Rosa, 1989), Xlim-1 (Taira et al., 1992), gsc (Blumberg 
et al., 1991), and Xbra (Smith et al., 1991). Figure 6A re- 
veals that Siamois is, together with mix. 1, the gene whose 
mRNA accumulates most rapidly after MBT. Their mRNAs 
are detectable by stage 8.5 and reach their peak at stage 
10. In contrast, Xbra, gsc, and X/im-1 can only be detected 
1 hr later. Siamois transcripts therefore appear to be 
among the earliest zygotic transcripts to accumulate after 
MBT. 
We have previously shown that Xwnt-8 and gsc can be 
activated in the absence of cell-cell communication i  em- 
bryonic cells that have been kept dispersed between fertil- 
ization and stage 10 (Lemaire and Gurdon, 1994). We have 
now analyzed the expression of Siamois in embryonic ells 
that have been cultured in calcium- and magnesium-free 
medium from fertilization onward and continually dis- 
persed between stage 8 and stage 10. This dispersion 
regime prevents cell-cell communication. As a conse- 
quence, mesoderm induction does not take place, as dem- 
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Figure 5. Comparison of the Patterns of Expression of Siamois and 
Xbra on Sagital Sections from Normal or Dorsalized Early Gastrulae 
Sections of normal (left panels) or dorsalized with lithium (right panels) 
stage 10 embryos were probed for Siamois (A and D) or Xbra (B and 
E) transcripts. (C) and (F) show computer generated diagrams of the 
expression domains of Siamois (green) or Xbra (open red). The position 
of the blastopore lip is indicated by an arrow in (D) and (F). 
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Figure 7. Siamois-Expressing Ventral-Vegetal Cells Induce an Ec- 
topic Spemann Organizer 
Embryos were injected ventrally at the 4-cell stage with 1 ng of mRNA 
coding for NLS-~-Gal either alone (A) or in combination with 50 pg of 
Siamois mRNA (B and C). They were fixed at the tadpole (A and B) 
or early gastrula (C) stages, stained for I~-Gal activity with X-Gal, and 
cleared to reveal the position of the stained cells. The diffuse staining 
throughout he endoderm is due to endogenous ~-Gal activity. The 
specific NLS-~-Gal staining is nuclear. (A) shows that the progeny of 
NLS-I~-Gal mRNA injected ventral-vegetal cells is found in the poste- 
rior endoderm. (B) shows that the progeny of ventral-vegetal cells 
injected with Siamois and NLS-I~-Gal mRNA is found in the anterior 
endoderm. (D) Vegetal view of an early gastrula showing the primary 
(1 o) and secondary (2 °) dorsal blastopore lips and the position of the 
progeny of a ventral-vegetal blastomere injected with Siamois and 
NLS-13-Gal (blue cells underneath the secondary dorsal lip). 
Figure 6. Siamois mRNA Accumulates Very Rapidly after the Midblas- 
tula Transition and Is Activated in Dispersed Embryonic Cells 
(A) Comparison by RNase protection of the rate of accumulation of 
mRNAs for the early genes Siamois, mix.l, Xlim-1, gsc, and Xbrs. 
The constant content of the fibroblast growth factor receptor (FGF-R) 
mRNA was used as a loading control. The fast development of the 
embryos (stage 10 was obtained 7 hr after fertilization) was due to 
incubation at 25°C. p.f., postfertilization. 
(B) Comparison by RNase protection of the expression of Siamois and 
Xbra in eggs and in dispersed (D) or whole ON) stage 10 animal caps. 
Embryos cultured in calcium- and magnesium-free medium from fertil- 
ization onward were dissociated from stage 6 to stage 10. The expres- 
sion of Xbra, Siamois, and the FGF-R gene was assayed. The two bottom 
lines present a quantitation of the signals obtained. Sia, Siamois. 
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onstrated by the failure of dispersed cells to activate Xbra, 
a panmesodermal marker at the early gastrula stage (Fig- 
ure 6B). In contrast, this treatment did not prevent the 
activation of Siamois, proving that, as for Xwnt-8 and gsc 
(Lemaire and Gurdon, 1994), Siamois can be activated in 
dispersed cells (Figure 6B). The observed 6-fold reduction 
in the number of transcripts could indicate that siamois 
needs cell-cell communication to be fully activated. Alter- 
natively, this decrease could be due to the fact that vegetal 
cells expressing Siamois are more fragile than other cell 
types and may be more readily lost when cultured as dis- 
persed cells. 
Mode of Action of Siamois 
We next wanted to analyze how Siamois mRNA could gen- 
erate a secondary axis. In normal development, Siamois 
is expressed in vegetal cells, which do not normally con- 
tribute to axial structures, and also in the marginal zone, 
which contains future mesodermal cells. To test whether 
the expression of Siamois in vegetal cells could have a 
biological function, we asked if Siamois-injected ventral- 
vegetal cells could induce overlying marginal zone cells to 
form secondary axial structures. With that aim, we injected 
either mRNA coding for a nuclear form of the enzyme 
~-galactosidase (NLS-13-Gal), used here as a lineage tracer, 
or a mixture of Siamois and NLS-13-Gal mRNAs into one 
ventral-vegetal blastomere of 4- to 8-cell embryos. The 
position of the progeny of these injected cells was then 
assayed at the tadpole stage. We found that in both cases 
the progeny of the injected cells remained in the endoderm 
(Figures 7A and 7B). When only NLS-I~-Gal mRNA was 
injected, the blue cells were found in the posterior region 
of the endoderm of the single axis (Figure 7A), whereas 
when Siamois was also injected, labeled cells were found 
in a more anterior position in the endoderm of the second- 
ary axis (Figure 7B). To analyze more precisely the posi- 
tion of these labeled cells, we sectioned the stained em- 
bryos. This revealed that the progeny of the cells injected 
with a mixture of Siamois and NLS-13-Gal mRNAs was in 
the gut and a more ventral endoderm region, which could 
be the heart region (data not shown). These experiments 
strongly suggest that Siamois-injected vegetal cells can 
induce overlying mesodermal cells to form a secondary 
axis. Consistent with this proposition, we found that, at 
the early gastrula stage, Siamois-injected cells were lo- 
cated in the superficial and deep layers of the presump- 
tive endoderm just below the secondary blastopore lip 
(Figure 7C) and, therefore, in close proximity of future axial 
mesoderm. 
Discussion 
In this article, we have used a functional assay to clone 
a novel homeobox-containing Xenopus gene with axis- 
generating activity. We find that a vegetal injection of 5 
pg of Siamois mRNA (equivalent o around 5 x 106 tran- 
scripts) is sufficient o fully rescue UV-treated embryos or 
to generate a complete secondary axis in normal embryos. 
In normal development, transcripts for this gene accumu- 
late very rapidly after MBT in dorsal-vegetal cells, and 
its activation can take place in the absence of cell-cell 
communication. This demonstrates the power of func- 
tional assays for the isolation of important early genes. In 
addition, our work shows that the discovery of these genes 
can help our further understanding of the developmental 
program that leads to the formation of the AP axis. 
Functional Assays and the Study of Axis 
Formation in Vertebrates 
Using a functional assay similar to that described here, 
Smith and Harland (1991, 1992) have previously isolated 
two genes, Xwnt-8 and noggin, on the basis of their ability 
to rescue UV-ventralized embryos. Their experiments also 
provide evidence that a third activity might be present in 
the cDNA library from the dorsalized gastrulae that they 
used. Siamois may encode this third activity. However, 
noggin and Siamois are not the only axis-generating 
cDNAs present in our library, and we have evidence for an 
additional axis-generating cDNA that can be inactivated 
by Pvull digestion (P. L., unpublished data). It therefore 
appears that functional assays of the type used by Smith 
and Harland (1991) and in this study provide a very power- 
ful strategy to identify genes with important functions in 
early Xenopus development. 
Axis Rescue and Axis Duplication Are Not 
Equivalent Tests 
Given the similarity between the axis rescue and axis du- 
plication assays, it is surprising that noggin mRNA is much 
less active in the latter than in the former. This suggests 
that the ventral-type tissue of UV-ventralized embryos is 
of a different nature from the ventral tissue of normal em- 
bryos and that it can adopt more readily a dorsal fate. It 
has been shown that UV treatment of embryos during the 
first cell cycle results in microtubule depolymerization and 
a subsequent prevention of cortical rotation (reviewed by 
Gerhart et al., 1989). Our results indicate that, in addition 
to being required for dorsal development, cortical rotation 
can also play a role in the definition or stabilization of 
the ventral-most tissues. Alternatively, UV treatment after 
fertilization could destroy a second target required for ven- 
tralization, a cortical mRNA for instance. Candidate mole- 
cules for such a ventralizing factor could be members of 
the bone morphogenetic protein family (Dale et al., 1992; 
Jones et al., 1992), which have been shown to have a 
strong ventralizing activity. Analysis of the activity of nog- 
gin mRNA in embryos in which cortical rotation has been 
prevented by the action of agents that do not interact with 
nucleic acids could help discriminate between these two 
possibilities. 
Role of Siamois in Normal Development 
In our assay, we injected mRNA into ventral-vegetal cells 
of 8-cell embryos. Although the restriction to endoderm is 
not apparent until the 32-cell stage (Dale and Slack, 1987), 
our lineage analysis reveals that the injected mRNA is 
only inherited by vegetal cells that do not contribute to the 
secondary axial structures. These cells appear to form an 
ectopic Nieuwkoop center that induces, during blastula- 
tion, overlying marginal cells to form an axis. We would 
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therefore predict that the cDNAs active in this assay will 
encode secreted or t ransmembrane proteins involved in 
cel l -cel l  signaling. Indeed, Xwnt-8 and noggin encode se- 
creted polypeptides. In contrast, Siamois codes for a tran- 
scription factor. 
Siamois is expressed in a minority of mesodermal cells 
and may have a cel l -autonomous role in this tissue. How- 
ever, overexpression of Siamois in animal caps does not 
lead to mesodermal  differentiation (data not shown). More- 
over, overexpression of Siamois in vegetal cells is suffi- 
cient to dorsal ize the overlying mesoderm. This, and the 
fact that the majority of Siamois transcripts are found in 
the vegetal cells and accumulate very quickly after the 
MBT, is consistent with a role in the definition of the Nieuw- 
koop center and suggests that the role of Siamois in dor- 
sa l -vegetal  cells is to activate genes encoding diffusible 
factors that mediate the induction of the Spemann orga- 
nizer in overlying mesoderm. According to this model, 
some of the inducers mediating the effect of the Nieuw- 
koop center would be zygotical ly activated shortly after 
MBT. 
This may appear surprising, as it has been assumed 
that the factors mediating induction by the N ieuwkoop cen- 
ter are present before the onset of zygotic transcription 
and must therefore be encoded by maternal mRNA. Evi- 
dence for this was provided by Gimlich (1986). In a set of 
elegant experiments, he transplanted dorsal -vegetal  cells 
of normal embryos into UV-ventralized embryos of the 
same age and showed that the ability of the transplanted 
cells to induce an axis in the host decreased with time 
and was very weak by stage 9. However, in these experi- 
ments, the time needed by cells transplanted at stage 9 
to heal in place may have interfered with their inducing 
activity. Alternatively, the dorsal endoderm cells may act 
only if they are in very close proximity to the overlying 
mesoderm, a situation that may be very difficult to recreate 
in transplantation experiments. These experiments there- 
fore do not rule out the possibil ity that zygotic inducers 
may account for the effect of the Nieuwkoop center, and 
it will be very interesting to identify target genes that could 
be activated by Siamois in vegetal cells. Also, since Sia- 
mois, as gsc and Xwnt-8 (Lemaire and Gurdon, 1994), can 
be activated in the absence of cel l-cel l  communicat ion 
and since its transcripts accumulate very early after the 
midblastula transition, it could be a direct target of mater- 
nal dorsal determinants in the vegetal cells. 
Experimental Procedures 
Embryo Manipulations and RNA Injections 
Embryos were reared, in vitro fertilized, dejellied, and cultivated in 
10% MBS, as previously described (Lemaire and G urdon, 1994). UV- 
ventralized embryos were obtained by irradiating their vegetal poles 
in an inverted Stratalinker (Stratagene) 20-25 rain after fertilization. 
Dorsalized gastrulae were obtained by treating embryos in 0.3 M LiCI 
in 1 x MBS for 7 rain at the 64- to 128-cell stage, m RNAs were injected 
in a 4.6 or 9.2 nl volume of water, using a Drummond Nanojeot microin- 
jector. At the 4- to 8-cell stage, a single ventral blastomere of embryos 
with a clear pigmentation polarity was injected. 
Construction of the pBluescript RN3 Vector 
The polylinker of pBluescript SK(-) between the Sacl and Kpnl sites 
was replaced by a double-stranded oligonucleotide containing Hindlll, 
Pstl, Sill, and Kpnl sites in this order (sense oligo 5'-AAGCTTAATCT- 
GCAGGGCCAAGTCGGCCGGTAC-3', antisense oligo 5'-CGGCCG- 
ACTTGGCCCTGCAGATTAAGCTTAGCT-3'). The HindllI-Pstl frag- 
ment of psp64T (Krieg and Melton, 1984) containing the globin UTRs 
was then cloned into the Hindlll and Pstl sites of the modified vector 
to generate pBluescript T. Finally, a short double-stranded oligo- 
nucleotide containing Bglll, EcoRI, and Notll sites in this order was 
cloned into the Bglll site of pBluescript T to generate pBluescript RN3 
(sense oligo 5'-GATCTGAATTCAATGCGGCCGCG-3', antisense oligo 
(5"GATCCGCGGCCGCTAAGAATTCA-3~. To check that the mRNA 
made from this vector was suitable for our purpose, we cloned an 
Xwnt-8 cDNA into the pBluescript SK(-) or pBluescript RN3 vectors 
as well as into psp64T, a vector from which very active synthetic mRNA 
can be obtained (Krieg and Melton, 1984; Vize et al., 1991) but which 
is not suitable for the construction of cDNA libraries (P. L. and N. G., 
unpublished data). We found that the RNA synthesized from the con- 
structs in pBluescript RN3 and psp64T were similarly active in the 
axis duplication assay but that RNA synthesized from the pBluescript 
SK(-) construct was 10-fold less active in this assay (data not shown). 
Preparation of Synthetic Capped mRNA 
Synthetic apped mRNA was prepared using Megascript kits (Ambion) 
with a reaction time of 5-6 hr. To obtain a high proportion of capped 
messengers, the concentration of GTP in the reaction was lowered 
5-fold and the cap analog 7mGpppG was added at a final concentration 
of 5 raM. After DNase I digestion of the template DNA, the mRNA was 
purified by one phenol-chloroform extraction, chromatography on a 
G50 fine spun column equilibrated in TE-SDS (10 mM Tris [pH 8.0], 
1 mM EDTA, 0.1% SDS) before ethanol precipitation. 
NLS-~-Gal, noggin, Xwnt.8, and gsc RNA 
Expression Constructs 
Synthetic mRNA for NLS-~-Gal was synthesized using phage SP6 
RNA polymerase from a psp64T-based construct, psp64TNLS-~-Gal. 
This construct contains, in the Bglll site of psp64T, the 3.5 kb Bglll- 
BamHI insert of plasmid pTZ nlsLacZ encoding the nuclear localization 
signal of SV40 T antigen fused to the lacZ product (Bonnerot et al., 
1987; a gift from D r. J.-F. Nicolas). Synthetic noggin m RNA was synthe- 
sized using SP6 RNA polymerase from the nogginA5' construct (Smith 
and Harland, 1992; a gift from Dr. R. M. Harland) or using T3 RNA 
polymerase from a construct in pBluescript RN3 containing the EcoRl- 
Notl fragment of the noggin cDNA. mRNA from both constructs could 
rescue UV-treated embryos and gave rise to partial secondary axes 
when injected ventrally in normal embryos. Synthetic Xwnt-8 mRNA 
was prepared using T3 RNA polymerase from a pBluescript RN3- 
based construct containing a large EooRI fragment of the Xwnt-8 cDNA 
encompassing the whole coding sequence for Xwnt-8 protein. Syn- 
thetic gsc mRNA was synthesized using T3 RNA polymerase from a 
pBluescript RN3 construct containing a near full-length gsc cDNA 
(P. L., unpublished data). 
Construction of a Dorsalized Gastrula Library 
in pBluescript RN3 
Poly(A) + RNA (5 pg) from LiCI-treated early gastrulae was used to 
synthesize first-strand cDNA using GIBCO-BRL superscript enzyme 
and the Notl-containing primer GAGAACTAGTGTCGACGCGGC- 
CGC(T)IB. After second-strand synthesis (Gubler and Hoffman, 1983) 
and polishing of the ends with T4 DNA polymerase, short cDNAs were 
removed by Sephadex S-400 spun column chromatography. Smal- 
EcoRI adapters (Stratagene) were added to the double-stranded 
cDNA, which was subsequently digested with Notl and size selected. 
The cDNAs were inserted between the EcoRI and Notl sites of pBlue- 
script RN3 and electroporated into Xl 1-Blue bacteria (Stratagene). 
The resulting library contained 2 x 106 clones. Analysis of the cDNAs 
in 20 independent clones showed that the average cD NA insert length 
was 1.7 kb in this library. The library was amplified by standard tech- 
niques. 
Expression Cloning of a cDNA with Axis Duplication Activity 
Plasmid DNA was prepared from the whole library or from fractions 
by standard alkali lysis/CsCI gradient centrifugation. To prepare tem- 
plates for in vitro transcription reactions, plasmid DNA was digested 
with Sill or Sill and Avrll, followed by proteinase K digestion, phenol- 
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chloroform extraction, and ethanol precipitation. RNA was synthesized 
from the templates using T3 RNA polymerase and injected into a ven- 
tral-vegetal blastomere of 4-cell embryos. Each fractionation step was 
conducted as follows, in the first three rounds, twice the number of 
independent colonies contained in the most active fraction of the previ- 
ous round were grown on 12-30 15 cm agar plates for 7-8 hr. The 
plates were scraped individually in 10 ml of LB plus 20% glycerol, and 
7 ml was grown in a 100 ml liquid culture for 6 hr, while the remaining 
solution was stored as frozen aliquots. Bacteria were harvested, and 
DNA templates and synthetic RNAs were prepared as above. After 
injection of 5 ng of RNA in one ventral-vegetal blastomere of a 4-cell 
embryos, the most active fraction was further fractionated. At the end 
of the fourth round, the 250 colonies of the selected fraction were 
picked up manually, and five pools of 25 colonies were grown in 100 
ml liquid cultures and assayed by injection of 500 pg of RNA. Finally, 
the 25 colonies of the most active fraction were individually grown in 
50 ml of medium; template DNA was prepared for each clone, and 
50 pg of mRNA was injected. Only one of these clones was active in 
our assay. 
Sequencing and Sequence Analysis 
The open reading frame of the Siamois cDNA was sequenced on both 
strands using a Sequenase II kit (United States Biochemical) according 
to the instructions of the manufacturer. Sequence analysis was per- 
formed using the University of Wisconsin GCG package. 
RNase Protection Assays 
RNase protections assays were performed as previously described 
(Lemaire and Gurdon, 1994). FGF receptor, gsc, and Xbra probes 
were as in Lemaire and Gurdon (1994). The X/im-1-1 probe was derived 
from a construct named pXlimAXba. This construct was derived from 
plasmid pXH 32-3 (Taira et al., 1992; a gift of Dr. I. Dawid) by deletion 
of an internal Xba fragment. It contained the 5' end of the X/im-l-1 
cDNA between the EcoRI and Xbal sites. To synthesize the probe, 
pXlimAXba was digested with Pvull, and run-off transcripts were gen- 
erated from the T7 promoter. The protected fragment was 369 bases 
long. The mix. I probe was generated from a plasmid named pmix.lA- 
Sma. This construct was generated by deleting an internal Sinai frag- 
ment from pBluescript SK(+) plasmid containing the 2A7 cDNA (Rosa, 
1989; a gift of Dr. F. Rosa) and contained the 5' 650 bp of cDNA 2A7 
(Rosa, 1989). To synthesize the probe, pmix.1ASma was linearized 
with Xhol and the T3 promoter was used. The protected fragment was 
258 bases long. The Siamois probe was generated from a plasmid 
named pSia EcoRI.250A that contained the 5' 252 bp EcoRI fragment 
of the Siamois cDNA cloned in pBluescript SK(-). To synthesize the 
probe, pSia EcoRI.250A was linearized with Xbal and the T7 phage 
promoter was used. The protected fragment was 252 bases long. Ex- 
posures of dried gels and quantitations of signals were performed 
using a Molecular Graphics phosphorimager running the ImageQuant 
software. 
In Situ Hybridizations 
In situ hybridizations on sectioned embryos were performed as pre- 
viously described (Lemaire and Gurdon, 1994), except that the thick- 
ness of the sections was 15 ~m and that we used the Boehringer 
Mannheim precipitating purple alkaline phosphatase substrate. Com- 
puter analysis of the intensity of the signals was performed of a Macin- 
tosh Quadra running the public domain software NIH image, and the 
diagrams were drawn using MacDraw Pro. To determine the angle 
encompassing Siamois-expressing cells, we determined the position 
of the parasagital section furthest from the dorsal midline and still 
showing a positive Siamois signal. 
I~-Gal Staining 
Staining for J3-Gal activity with X-Gal was as in Sanes et al. (1986). 
Following staining, embryos were cleared before photography. 
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